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Abstract 

We study the dilaton stabilization in the D-brane world in which a D-brane 
constitutes our universe. The dilaton can be stabilized due to the interplay between 
the D-brane tension and the negative scalar curvature of extra dimensions. Cosmic 
evolution of the dilaton is investigated with the obtained dilaton potential and it is 
found that inflation can be realized before the settlement of the dilaton. 
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1 Introduction 



Dilaton and moduli fields play an important role in string theory. The vacuum expectation 
value of the dilaton determines both the gauge and gravitational coupling constants of the 
low energy theory. This is also true for the D-brane world where our universe is supposed 
to be a part of a D-brane imbedded on a higher dimensional spacetime. The D-brane 
world 1J is a realization within string theory of the brane world idea [2] which attracted 
much attention in recent years. It is less ad-hoc than the primitive brane world models in 
the sense that we know what dynamical degrees of freedom can be there and what their 
actions look like. 

The general problem of dilaton and moduli in string theory is that their potential 
is flat to all orders in perturbation theory and their vacuum expectation values cannot 
be determined. Therefore, some non-perturbative effects must be involved to stabilize 
them. For this purpose, the gaugino condensation, non-perturbative corrections of Kahler 
potential and various non-trivial form field fluxes were considered previously (SHHEj- In 
this paper, we investigate the dilaton stabilization problem in the D-brane world. In 
the D-brane world, the D-brane itself is a non-perturbative setup. It induces a dilaton 
potential since the dilaton couples to the D-brane. But the D-brane alone gives a potential 
running away toward the weak coupling limit as the gaugino condensation does. We need 
a non-perturbative term which drives the dilaton toward the strong coupling limit. A 
good candidate which does this is the form field flux j^j. The D-brane world includes the 
antisymmetric tensor field B^ v which possibly plays the role. However, the D-brane is 
coupled to B^y and induces a potential for B^, which makes the B^ field massive. The 
consequence is that the effect of B^ becomes time-dependent and vanishes as the B^ 
field settles down to the potential minimum in the end |HJ U\ ■ 

Looking for another possibility, we pay attention to the constant term in the string 
frame action. This term can arise from, for example, the non-vanishing scalar curvature of 
extra dimensions. It also gives rise to the run-away potential, but its signature can either 
be positive or negative depending on the sign of the scalar curvature. We found that 
the dilaton can be stabilized due to the interplay between the D-brane tension and the 
negative scalar curvature of extra dimensions. The obtained dilaton potential has a nice 
feature that it has not only a global minimum but also flat plateau in the weak coupling 
region which can be used to realize the inflationary universe before the settlement of the 
dilaton in the early universe. 

The paper is organized as follows. In section 2, we describe the four-dimensional 
effective action of the D-brane world and derive the field equations. In section 3, the 
dilaton stabilization in the D-brane world is discussed. In section 4, the cosmological 
evolution of the dilaton field is investigated with the obtained dilaton potential. Section 
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5 concludes the paper. 



2 Effective Field Theory of the D-brane World 

The D-brane world assumes that our universe is a part of a Dp-brane with extra-dimensions 
are compactified. Then the bosonic sector consists of the U(l) gauge field living on 
the Dp-brane and the bulk degrees including the graviton g^, the dilaton $, and the an- 
tisymmetric tensor field of rank- two B^ u . In the presence of the brane, gauge invariance 
of B^ v is restored through its coupling to a U(l) gauge field and the gauge invariant 
field strength is [8J 



where = d^A v - d u A^. 



(2.1) 



The four-dimensional effective action of the bosonic sector in the string frame is [Hj 
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where the tilde denotes the string frame quantity and B*^ v = \\f—ge iliVa ^B a ^ with e i23 = 1- 
is a parameter defined by m 2 B = 2k 2 T 3 where T 3 is the effective brane tension. If 
we assume that the six extra-dimensions are compactified with a common radius R c 
and the dilaton is stabilized to give a finite string coupling g s = (e*), it is given by 

^ p 3 15 — p 

m B = tt 4(^2/4^)^6" (R C M P )~^~ M P where M P = 2.4 x 10 18 GeV is the four-dimensional 
Planck mass. 

The action, and thus also field equations, can be written in a more familiar form in 
the Einstein metric, which are defined by 
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We will work in this metric from now on. In terms of Einstein metric, the action becomes 
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The last term is added by hand to incorporate the various contributions to the cosmo- 
logical constant. The origins of A and A can be quite varied. One obvious origin of 
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the A term is the scalar curvature of extra dimensions integrated over the whole extra 
dimensions. There can be many known or unknown sources for the cosmological constant 
term A. In this paper, we will not pursue their origins in detail. Instead, we treat them 
as parameters and investigate their consequences. Manifestly, we use the A to adjust the 
four-dimensional effective cosmological constant to vanish. 
The field equations derived from the action are 
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where the dilaton potential is 
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and the energy-momentum tensor is 



(2.5) 

(2.6) 
(2.7) 
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We will discuss the dilaton stabilization and the cosmic evolution of the dilaton based on 
the potential (EH) and the equations (I23j) - (l2~7f) . 



3 Dilaton Stabilization 

The vacuum expectation value of the dilaton $ fixes the string coupling constant by 
(e*) = g s , and determines gravitational couplings of various fields as in Eq. (|2.9j) . Thus 
the time evolution of the dilaton gives the time- varying gravitational coupling constant. 
It can also be attributed to the time- variation of the gauge coupling constants, and such 
variations are constrained by the observations of the quasar absorption lines, the cosmic 
microwave background, and primordial nucleosynthesis Thus the dilaton must be 
stabilized to the local or global minimum of the potential at least before nucleosynthesis. 
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With the potential V($) in Eq. (|2.8j) . we study the dilaton stabilization problem in 
the D-brane world. Let us first consider the contribution of the antisymmetric tensor 
field B^ v to the dilaton potential. The non-vanishing H flux gives the dilaton potential 
of negative exponential. It was noticed that the non-vanishing fluxes of various form 
field flux can give rise to the dilaton potential and were used to stabilize the dilaton and 
moduli. However, for the B^ field in the D-brane world, it is coupled to the D-brane and 
the D-brane brings the DBI-type action for the B field. It acts as the potential for B field 
and derives B to zero. Thus, the flux itself is subject to cosmological evolution and its 
effect can be time-dependent and vanish at the end. Furthermore, the form filed flux in 
general leads to an anisotropic universe even when it is homogeneous ^H]. We will treat 
the dynamics of non- vanishing B filed elsewhere jZj and focus on the case of the vanishing 
B field in this paper. When B vanishes, the effect of the brane on the dilaton potential 
is due to the brane tension and it leaves the positive exponential term. Thus, the dilaton 
potential we are considering is 



where we included the A term to make the effective cosmological constant vanish. 

There may be additional non-perturbative contributions to the dilaton potential. For 
example, a single gaugino condensation gives rise to the potential of the form V Qp ($) = 
/i 2 e _/3e 4 , where j3 is a constant which depends on the gauge group and fi is related to 
the supersymmetry breaking scale The various form field fluxes appearing in string 
theory can also give rise to the dilaton potential of the form V np = /i 2 e -7 * [5 j . We assume 
that they are absent or relatively small compared to the terms in the potential (jH.K)jl . 

The last term in the potential (|3.10|) is due to the D-brane tension and an exponentially 
increasing function of $. It derives the dilaton to run away to the weak coupling limit 
($ — * — oo). As is mentioned above, the non-vanishing form field flux, if it exists, gives 
the dilaton potential having an opposite behavior. This applies also to the antisymmetric 
tensor field B, as explicitly shown in (|2.8|) . If both types of terms exist together, the 
dilaton potential has a global minimum and the stabilization of the dilaton is guaranteed. 
But the B field in the D-brane world rolls down to B = due to the effect of brane, and 
its effect on the dilaton is transient. Sometimes, two or more terms of the same type 
of exponential can contrive to have a local minimum, as in the racetrack models or the 
coalescence of several fluxes. But, it is known that such models usually suffer from the 
overshoot problem coming from the shallowness of the local minimum. 

Without additional non-perturbative terms, the potential (j3.10j) has positive exponen- 
tial terms only. But, there is an interesting possibility to achieve the dilaton stabilization. 
The signature of A can be either positive or negative depending on underlying theory. One 
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Figure 1: The shape of the dilaton potential (|3.1U|) when A < 0. 

possible origin of A is the scalar curvature of extra dimensions integrated over the extra 
dimensions themselves. Therefore, for extra dimensions having negative scalar curvature, 
A is negative. When A < 0, the potential has the minimum at 



e* - (3.H) 
3m B 



Thus, depending on relative scales of —A and m B , we may get the proper vacuum expec- 
tation value of the dilaton. Natural expectation is that they are comparable, and we get 
the string coupling of order 1. To make the cosmological constant vanish, A is adjusted 

The shape of the potential is depicted in Figure 1. The dilaton mass at the minimum is 
given by 

ml = V"(%) = ^fc^S. (3.13) 



" B 

The minimum (J3.11|) is the global one and the final settlement to the minimum during 
cosmic evolution is guaranteed if the cosmological constant vanishes. But its cosmological 
consequences can be varied depending on how the dilaton evolves. 



4 Cosmological Evolution 

In this section, we investigate the cosmic evolution of the dilaton field under the potential 
(13.10)1 . We assume a spatially homogeneous configuration for the dilaton, and look for 
the time evolution of the dilaton and the expansion of the universe. The existence of 
non-zero antisymmetric tensor field £>, even when they are homogeneous, leads to an 
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anisotropic universe in general. It give rise to a potential for the dilaton and thus will 
affect the evolution of the dilaton field. But in this paper, we consider the case of vanishing 
antisymmetric tensor field. The effect of non-vanishing B field will be treated elsewhere. 
Because the minimum of the potential is the global minimum and the expansion of the 
universe induces the friction, the dilaton will be settled down to it irrespective of the 
initial conditions. 

We assume the metric to be the flat Robertson- Walker metric 

ds 2 = -dt 2 + a(t) 2 [(dx 1 ) 2 + (dx 2 ) 2 + (dx 3 ) 2 ] . (4.14) 

Then the dilaton equation is 

$ + 3d$ + = 0, (4.15) 
where V(&) is the dilaton potential in (jH.K)j) and we defined a = In a. 

Dilaton-dominated case When the dilaton dominates the density of the universe, the 
Einstein equations are 

3d 2 = $ 2 + 2V($) (4.16) 
a + 3a 2 = 2V($). (4.17) 

We can solve the combined equations ()4.15|) and ()4.17|) numerically, with appropriate 
initial conditions. The dimensionless time variable is and the mass scale parameter 
of the potential is (— A)/m 2 3 . Because the potential is nearly flat in the left and very 
stiff in the right of the minimum, the cosmic evolutions are quite distinguished depending 
on whether the initial value of the dilaton $j is smaller or larger than $o- In Fugure 2, 
we show the cosmic evolutions of the dilaton field and the scale factor for typical initial 
values $j with > $ and $j < $ for the case of (—A)/m 2 B = 1. 

When $j > $o (strong coupling region), $ rapidly approaches to $0j within a few 
mg 1 , irrespective of the size of $£. Then $ oscillate about $o forming 'dilaton matter' 
as it behaves like matter. Although there can be a big difference in the initial growth of 
the scale factor, the late-time evolution is almost independent of the initial value. The 
potential is almost flat for $ <C <3> , but there is no overshoot even for the initial value $j 
much larger than $o- This is a characteristic feature of exponential potential. 

When $j < $ (weak coupling region) , the dilaton $ slowly rolls down the flat part of 
the potential and finally oscillates around the minimum. Thus, we have slow-roll inflation 
ended by dilaton oscillation which forms dilaton matter. This provides a standard picture 
of slow-roll inflation followed by inflaton oscillation. In Figure 2, we showed an example 
that more than 60 e-foldings are obtained in this way. The decay of dilaton matter heats 
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Figure 2: The time evolution of the dilaton $(£) and the scale factor a(t) for (—A)/m% = 1. 
Left Pannels: > $ = ln(4/3) ($; = 1 for the solid line and = 10 for the dotted 
line). Right Pannels: < $ = -2.7 for the solid line and = -1 for the dotted 
line). 
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the universe and the standard big bang universe follows. However, we note that to keep 
the flatness of the dilaton potential in the weak coupling region, it is important to suppress 
the form field flux which induces the negative exponential potential for the dilaton. 

Evolution of in the RW background When the universe is dominated by 

homogeneous and isotropic matter or radiation, while the dilaton contributes a minor 
fraction, the dilaton evolution is still given by (j4.15|) with a(t) taken from the background 
geometry. When the initial value of $ resides near the minimum point where the potential 
can be approximated by V($) ~ |m|($— $o) 2 > the general reasoning applies here. During 
H > m$, $ is frozen at the initial value. After H becomes smaller than m$, $ oscillates 
about $0; forming dilaton matter. The dilatons decay finally and dump some amount of 
entropy to the thermal bath of the universe. 

5 Conclusion 

We investigated the dilaton stabilization problem in the D-brane world. In the D-brane 
world, the effect of the brane tension combined with that of negative scalar curvature of 
extra dimensions can provide a stabilizing potential for the dilaton. The resulting string 
coupling depends on the ratio of two mass scales related to the brane tension and the 
scalar curvature. When two mass scales are comparable, we get the string coupling of 
order 1. We also examined the cosmic evolution of the dilaton with the obtained potential. 
Generically, it leaves 'dilaton matter' which is a coherent oscillation of the dilaton field 
about the minimum point. It dumps a certain amount of entropy to the thermal bath in 
the early universe, whose cosmological impact in general depends on the mass and the 
lifetime of the dilaton. The dilaton potential has the flat plateau in the weak coupling 
region, and it can lead to the standard inflationary scenario ending with the dilaton 
oscillation and finally producing hot big bang universe through dilaton decays. To keep 
the potential flat, it is necessary to suppress the form field flux which induces the strong 
potential in the weak coupling region. 
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